Background Heterotopic ossification (HO) is the process of bone formation at a nonskeletal site. Recently, we showed that the earliest steps occur in sensory nerves. We now extend these studies by identifying unique osteogenic progenitors within the endoneurial compartment of sensory nerves. Questions/purposes We asked: (1) What is the nature of the osteoprogenitor in the endoneurium of peripheral nerves? (2) How do osteoprogenitors travel from the nerve to the site of new bone formation? Methods HO was induced by intramuscular injection of Ad5BMP-2-transduced cells in mice. Osteoprogenitors were identified through immunohistochemistry and then quantified and further characterized by fluorescence-activated cell sorting and immunocytochemistry. The kinetics of the appearance of markers of extravasation was determined by quantitative reverse transcription-polymerase chain reaction. In each experiment mice were injected with bone morphogenetic protein-2 (BMP-2)-producing cells (experimental) or with cells transduced with empty vector or, in some cases, a group receiving no injection (control). Results Induction of HO leads to the expression, within 24 hours, of osteoblast-specific transcription factors in cells in the endoneurium followed by their coordinate disappearance from the nerve at 48 hours. They reappear in 
Introduction
Heterotopic ossification (HO) is the formation of bone at nonskeletal sites as a result of a variety of causes including traumatic injury, orthopaedic surgical procedures (eg, hip replacement), joint disease, and burns. We previously demonstrated a link between peripheral nerves and HO in a murine model, which relies on sustained delivery of bone morphogenetic protein-2 (BMP-2) through injection of AdBMP-2-transduced cells into muscle [33] . Salisbury et al. [33] identified the immediate expression of the pain mediators, substance P and CGRP (calcitonin gene-related peptide), on delivery of the BMP-2, which leads to neural inflammation with resultant degranulation of local mast cells and remodeling of the epineurium of sensory nerves in the muscle near the injection site. Removal of the epineurium was correlated with migration of progenitors that reside in the perineurium that undergo brown adipogenesis [34] , presumably for the purpose of patterning the new bone [27] . Blocking this process either through delivery of inhibitors of mast cell degranulation [33] or inhibitors of the binding of pain mediators to their receptor [13] resulted in a significant decrease in HO. Blocking nerve remodeling led to the accumulation within the endoneurium of nanog + Klf-4 + osterix + progenitors [33] . Osterix + cells express the osteoblast-specific marker osterix [37] and therefore allow characterization of osteoprogenitors. The endoneurium contains the axons and their supporting glial cells, called Schwann cells, embedded in loose collagen fibrils within unique fascicles surrounded by multiple layers of perineurial cells [21, 44] . The endoneurium possesses a tight junction forming a microvascular barrier similar to that found in the brain that is identified by CD31 expression. CD31 is a predominant marker for the endothelial cells in the vessel. The bloodnerve barrier that is formed by endoneurial endothelial cells is critical in the control of the endoneurial microenvironment needed to maintain normal axonal signal transduction and is known as the blood-nerve barrier (BNB) [46] . An important protein, claudin 5, has been shown to be an essential component of restrictive microvascular barriers [3] . This protein is expressed at sites of cell-to-cell contact on human endoneurial endothelial cells in vitro [47] . Mice lacking expression of claudin 5 lack a functional blood-brain barrier (BBB) and die immediately after birth [24] .
There has been a great deal of controversy regarding the exact nature of progenitors for the osteoblast during HO and the mechanism they use to travel to the site of bone formation. There have been publications suggesting that osteoprogenitors are derived from either mesenchymal stem cells in the bone marrow [29] or from the interstitial cells between the muscle fibers [45] or from fully differentiated endothelial cells [19] , which then undergo an endothelial to mesenchymal transition [18] . It has also been suggested that the osteoprogenitors can be found in the circulation [39] .
In this article we have therefore characterized the cells expressing osterix that reside in the nerve to determine the answers to two questions: (1) What is the nature of the osteoprogenitor in the endoneurium of peripheral nerves? (2) How do osteoprogenitors travel from the nerve to the site of new bone formation?
Materials and Methods

Study Design and Analysis
In this manuscript, studies were designed to evaluate in vivo the biogenesis of the osteoblasts used for HO.
Because we are evaluating the formation of osteoprogenitors in response to BMP-2, analysis was mostly performed early (1-2 days) after induction. To accomplish this, studies were performed using groups of eight to 16 6-month-old, male C57BL/6 mice in which HO was induced by intramuscular injection of cells releasing physiological levels of BMP-2. Numbers of mice were determined by power analysis to be the minimal number for determining statistical significance between groups. Other groups of the same mice were used as controls and consisted of injection of cells transduced with a vector not containing BMP-2 cDNA (Ad Empty) as well as mice that were not injected. The analyses were conducted for all eight to 16 biological samples and the average and SDs calculated. For comparison of results between various groups, to determine their significance, analysis of variance (ANOVA) with Bonferroni-Holm post hoc correction for multiple comparisons was used. For all analysis, control groups were analyzed in parallel with experimental samples. For immunohistochemical and immunocytochemical analysis, antibody specificity was assessed by comparing the staining pattern of antibody with that of DAPI (4 0 ,6-diamidino-2-phenylindole) at the optimal dilutions of primary and secondary antibodies. In all cases antibody specificity was judged excellent by these criteria.
Heterotopic Bone Formation
Replication defective adenovirus was used that contains cDNA for BMP-2 [28] . As a control we used Ad Empty that did not contain cDNA encoding BMP-2. The cells were transduced and 5 9 10 6 cells delivered by intramuscular injection into the hindlimb quadriceps muscle of C57BL/6 mice. Heterotopic bone is consistently observed near the injection site in approximately 7 days using this procedure.
Immunohistological and Immunocytochemical Analysis
Immunohistochemistry, immunocytochemistry, and cytospin analysis of cells isolated by fluorescence-activated cell sorting (FACS) was all performed as previously described [33] . For paraffin sections the entire hindlimb including the skeletal bone was harvested, the skin was removed, then the tissue was decalcified and paraffinembedded. For frozen sections the soft tissue encompassing the site of the new bone formation was isolated from the rear hindlimbs and flash frozen. Serial sections (3-4 lm) were prepared with approximately 50 sections per tissue specimen. Hematoxylin and eosin staining was performed on every tenth slide to locate the region containing delivery cells or the newly forming bone. Serial unstained slides were used for immunohistochemical staining with either single or double antibody labeling. Primary antibodies were used at a dilution of 1:100 to 1 Cytospin slide preparations of FACS-isolated cells were produced by centrifugation of approximately 40,000 cells at 500 rpm using a Cytopro 7620 cytocentrifuge (Wescor, Logan, UT, USA) for 5 minutes. The slides were subsequently immunostained following similar methods as previously stated. Briefly, cells were fixed with 4% paraformaldehyde, washed with phosphate-buffered saline (PBS), treated with 0.3% Triton X-100 in Tris-buffered saline, blocked with 2% bovine serum albumin, and incubated in primary antibody overnight. After further PBS washing, samples were incubated in the appropriate secondary antibody and counterstained with DAPI. Stained cells were examined by confocal microscopy (LSM 510 META; Zeiss, Inc, Thornwood, NY, USA). Although immunohistochemistry results do not provide definitive proof that a single cell expresses two proteins, the cytospin method described does provide such proof. Dlx5 is an osteogenic factor that is expressed during development in the perichondrial region of both the embryonic axial and appendicular skeleton [31] and is thought to be upstream of osterix. It is activated by BMP-2 and upregulates both osterix [42] and osteocalcin [11] expression during osteogenesis.
Flow Cytometry and Fluorescence-activated Cell Sorting
Cells were isolated from the hindlimb soft tissues after removal of the skeletal bone and skin. Briefly, soft tissues were isolated from three mice (both legs pooled as one replicate), minced with scissors, and then subjected to 0.2% collagenase type II digestion at 37°C for 45 minutes. The digestion was stopped by adding an equal volume of DMEM (Dulbecco's modified Eagle's medium) containing 10% fetal bovine serum and cells collected by centrifugation at 400 9 g for 5 minutes. Debris was removed by filtration through a 70-lm filter. Because claudin 5 is not only an important tight junction protein, but also has been found in blood after barrier disruption [14] , mononuclear cells from blood were isolated and tested for the presence of claudin 5 + cells at various times after BMP-2 induction. For isolation of cells from peripheral blood, whole blood was layered onto To determine the concentration of factors known to be involved in extravasation, Ct values, which are directly related to the relative concentration of a specific RNA in the tissue, were collected. The Ct values were normalized to both internal 18S ribosomal RNA used in multiplexing and to each other to remove changes in gene expression common to both the control and BMP-2 tissues by using the method of DD Ct along with SYBR Green probes and quantitative polymerase chain reaction (PCR) primers. The analyses were conducted in triplicate for eight biological samples at each time point and were reported as the mean and SD of the fraction of RNA that was attributed to target cDNA. Significance for a change in the level of target RNA relative to the control was determined by the Student's t-test comparing the control values with the values obtained in samples from mice injected with BMP-2-producing cells.
Results
Osteoblast Formation Begins in Nerves
BMP-2 Induces the Appearance of Osterix in p75 + Cells in the Endoneurium of Peripheral Nerves Previous studies [33] suggested that cells present in the endoneurial compartment of peripheral nerves express the osteogenic factor osterix after delivery of AdBMP-2-transduced cells. Therefore, tissues were isolated and immunostained on Days 1, 2, 4, and 7 after induction of HO through delivery of AdBMP-2-transduced cells. Surprisingly, there was osterix expression in cells in the endoneurium at 24 hours, but this rapidly disappeared within 24 hours as seen on tissues isolated 2 days after induction of HO (Fig. 1A) . Two different primary antibodies represented by two different secondary antibodies were used to confirm this phenomenon and patterns of osterix expression appeared to be similar, independent of the antibody (Fig. 1A) . To confirm the nerve structure, tissues were also immunostained for neurofilament H chain (NF). Two cell types are common within the endoneurial compartment of peripheral nerves, specialized vascular endothelial cells, and Schwann cells necessary for myelination of axons. Claudin 5 is a marker for the specialized endoneurial endothelial cells [41, 47] . Therefore, tissues were costained for osterix and claudin 5 ( Fig. 1) . Claudin 5 appears to be associated with vessels and the CD31 + vasculature is shown on a serial section (Fig. 1A ). CD31 is a major component of vascular endothelial cells. Interestingly, the majority of the osterix + cells did not appear to also express claudin 5 on Day 1, particularly those in the endoneurium. However, on both the first and second days after induction, some of the vessels within the endoneurium expressed both osterix and CD31 (yellow arrows, Fig. 1A ), although it is not clear whether osteoprogenitors in these vessels coexpress these proteins. Examination of tissues isolated 4 and 7 days after BMP-2 induction (Fig. 1B) shows coexpression of osterix and claudin 5 in many cells throughout the muscle (eg, yellow arrow). Additionally, substantial vessel networks, as assessed by CD31 staining (CD31, red; original magnification, 9 20, Fig. 1B ), were observed in the region where the claudin 5 + osterix + cells were localized, and these regions were found by Day 7 to be associated with bone matrix (Fig. 1B, red arrows) . Frozen sections were prepared and immunostained for neurofilament heavy chain (NF), CD31, or osterix. DAPI is blue. H and E sections were stained with hematoxylin and eosin (Stain, NF; original magnification, 9 20; CD31; original magnification, 9 20; osterix, original magnification, 9 20) . Some of the vessels within the endoneurium expressed both osterix and CD31 (yellow arrows). (B) Expression of osterix, claudin 5, and CD31 at later times after BMP-2 induction (Stain, osterix; original magnification, 9 20; claudin 5; original magnification, 9 20; CD31, original magnification, 9 20). C57BL/6 mice (n = 16) were injected with BMP-2-producing cells and eight mice each were euthanized at either Day 4 or 7. Frozen sections were prepared and immunostained for CD31, claudin 5, or osterix (Stain, osterix; original magnification, 9 20; claudin 5; original magnification, 9 20; CD31, original magnification, 9 20). Some of the vessels within the endoneurium expressed both osterix and CD31 (yellow arrows). Some of the vessels within the endoneurium expressed both osterix and CD31 (yellow arrows). H&E = hematoxylin and eosin.
Claudin 5 + Cells Express Osteogenic Markers After BMP-2 Induction
The majority of the claudin 5 + population first isolated by FACS followed by staining after centrifugation of these cells onto microscope slides also stained positively for not only claudin 5 ( Fig. 2A) , but also osterix (Fig. 2B) . A merger of these two figures is also shown (Fig. 2C ). In the claudin 5 À population, cells were neither positive for claudin 5 ( Fig. 2D) nor osterix (Fig. 2E) , although there were many cells present (Fig. 2F) . We next performed immunostaining to detect the expression of dlx5 on the claudin 5 + and À cell populations. Most cells positive for claudin 5 ( Fig. 2G ) also expressed dlx5 (Fig. 2H) although some of the cells were not positive for this factor (Fig. 2I) ; the claudin 5 À population was completely negative for claudin 5 expression (Fig. 2J ) as well as dlx5 expression (Fig. 2K ), although there were many cells present (Fig. 2L ).
Claudin 5 + Cells Express Factors Associated With Nerve Stem/Progenitor Cells
Claudin 5
+ cells were further characterized for the expression of two additional neural stem or progenitor cell markers, PDGFRa and musashi. Both PDGFRa, a factor associated with perivascular astrocytes [38] and shown to be involved in glial-endothelial cell interactions and critical for maintenance of the BBB [38] , and musashi, which is an RNA-binding protein that is highly specific for neural stem cells [23] and is not expressed in fully differentiated cells [26] , were assessed in the claudin 5 + cells. FACS analysis showed that PDGFRa was expressed on these cells (Fig. 3A) . Analysis of the cells obtained from the same mouse that was stained with antibodies against claudin 5 (green) and osterix (red) as well as DAPI (F). In the claudin 5 + cell population, osterix-positive cells were found to be 75% ± 3%. In G-I and J-L, respectively, we show the cytospin patterns of the claudin 5-positive and -negative populations of another mouse after staining for claudin 5 (green) and dlx 5 (red).
showed the absence of a claudin 5 + PDGFRa À population, although we did observe a small PDGFRa + claudin 5 À population (Fig. 3A) that may represent Schwann cells, which previously have been shown to be positive for this receptor [8] .
Again claudin 5
+ and À populations isolated from tissues 2 days after delivery of the AdBMP-2-transduced cells were isolated and immunostained for musashi. The results from two mice injected with BMP-2-producing cells are shown ( Fig. 3B ; panels A-F showing results from the first and panels G-L showing results from the second animal). The claudin 5 + populations (Fig. 3B , panels A and G) stained positively for claudin 5 (Fig. 3B , panels B and H) and most of those cells were also positive for musashi (Fig. 3B , panels C and I). However, although there was an approximately equal number of cells present in the claudin 5 À populations (Fig. 3B , panels D and J), these cells did not stain positively for neither claudin 5 (Fig. 3B , panels E and K) or musashi (Fig. 3B , panels F and L), with the exception of a few cells staining positively for musashi in the first mouse (Fig. 3B, panel F) .
Claudin 5
+ Cells Express the Endothelial Marker Tie-2
Because others have reported the presence of PDGFRa on the surface of an osteoprogenitor expressing Tie-2 [45] , the claudin 5 + and À populations were immunostained for Tie-2 ( Fig. 4A) . Almost all of the claudin 5 + cells were found to express Tie-2, but there appeared to be a wide variation in its expression level, whereas only a few cells in the claudin 5 À population were positive for either claudin 5 or Tie-2. We noted asymmetric localization of Tie-2 within the cell (Fig. 4B ).
Osteoprogenitors Do Not Express Markers of Differentiated Schwann Cells
Schwann cells express elevated levels of p75 (NTR) during peripheral nerve regeneration and myelination [4] , but neural crest stem cells also express p75 (NTR) [22] . To distinguish Schwann cells from neural progenitors, tissues isolated 2 and 6 days after induction of HO were coimmunostained with osterix and either p75 (NTR) or MPZ (Fig. 5) . Osterix and p75 were coexpressed within the endoneurium (Fig. 5) . MPZ + cells were also observed in this region of the nerve; however, these cells did not express osterix ( Fig. 5) .
Osteoblast Precursors Migrate Through Vessels
Claudin 5
+ Osteoprogenitors Enter the General Circulation Shortly After BMP-2 Induction
Osterix expression was present on the endoneurial cells for only 24 hours after which time we did not observe expression in the nerve (Fig. 1A) . This suggests that either expression is downregulated or that these cells immediately exit the nerve. One of the only ways for cells to exit the endoneurium of the nerve is through the highly regulated BNB formed by tight and adheren junctions between endoneurial endothelial cells lining the endoneurial vessels. The actual FACS data on Day 2 for mice injected with Ad Empty-transduced cells is shown (Fig. 6A) ; on Day 2 for uninjected mice (Fig. 6B) ; and on days 1 (Fig. 6C) , 2 ( Fig. 6D) , and 4 ( Fig. 6E ) for mice injected with BMP-2-producing cells. The overall results obtained using mononuclear cells isolated from blood, as described in the Materials and Methods, show that 1.37% (range, 1.1%-2.14%; 95% confidence interval [CI], -0.25 to 2.99) of the cells were positive for claudin 5 1 day after induction of bone formation (Fig. 6A ). This percentage was not different from the control value of 0.83 % (SD, 0.07; 95% CI, 0.59-1.05) when injected cells were transduced with Ad Empty. Interestingly, the percentage of claudin 5 + cells increased dramatically 2 days after the induction with 4.48% of the cells (SD, 0.72%; 95% CI, 2.01-6.94; p \ 0.0015) now positive for this marker (Fig. 6A, panel  E) . However, the increase in cells expressing claudin 5 in blood was short-lived and returned to background levels with a value of 1.39% of positive cells (SD, 0.20%; 95% CI, 0.7-2.08) 4 days after BMP-2 induction (Fig. 6A , panel E).
To confirm that these circulating claudin 5 + cells were expressing osterix, both positive and negative populations were isolated by FACS followed by cytospin and immunostaining for osterix. All of the osterix expression was found to be in the claudin 5 + cells (Fig. 6B ).
Osteoprogenitors Extravasate Across the Vessel Wall When They Reach the Area of Bone Formation
To determine if the process of extravasation [30] is involved in the migration of the claudin 5 + osterix + cells through the vessel wall and to the site of bone formation, b Fig. 3A-B (A RNA was isolated from muscle at daily intervals for 7 days after BMP-2 induction and the levels of RNA specific for known extravasation factors (CXCR4, CD44, SDF, and P and E-selectin) were quantified through quantitative reverse transcription-PCR (Fig. 7A) . The results show an increase in E-selectin (Fig. 7A, panel A) , CXCR4 (Fig. 7 A, panel B), and CD44 (Fig. 7A , panel C) RNAs starting 4 days after induction of HO that was maintained for the remainder of bone formation (Fig. 7A) , whereas SDF and P-selectin did not show a change (data not shown). As confirmation, claudin 5 + and À cells were isolated from the tissues, spun onto slides that were then immunostained for a factor present on the endothelial cells (E-selectin) as well as factors present on the extravasating cell (CD44 and CXCR4). As expected, the claudin 5 + population expressed CD44 and CXCR4, whereas the negative population expressed E-selectin (Fig. 7B ).
Discussion
The studies described in this article were designed to address the controversy surrounding the origin of osteoprogenitors during HO. It has been published previously that they may arise from bone marrow cells [12] , endothelial cells [19] , or muscle stem cells [45] . In answer to the questions posed by us in these studies: (1) yes, osteoprogenitors are derived from progenitors in the endoneurium of peripheral nerves. Osteoprogenitors most likely do not arise from Schwann cells, despite publications that Schwann cells dedifferentiate [35] . The results suggest that the progenitor is either a nonmyelinating Schwann cell or a neural crest stem cell as was previously suggested by Morrison et al. [22] . Although the progenitor cells bear an endothelial marker (Tie-2), they also simultaneously express several neural markers and are therefore not endothelial cells. (2) Finally, as to how the osteoprogenitors migrate from the nerve to the site of new bone formation, the data collectively suggest that neural progenitors within the endoneurium of peripheral nerves can cross into the endoneurial vessels and enter the circulation to the site of new bone formation undergoing at least partial osteogenic differentiation during this transit. Many recent studies suggest that osteoprogenitors are local progenitors, either recruited from vasculature or from interstitial spaces between muscle fibers [19] . Our data actually support not + population (green) was isolated from a FACS of cells isolated from muscle 4 days after BMP-2 induction. These isolated cells were subjected to cytospin and the slides were stained with DAPI (A) and then probed with antibodies for osterix (red, B) and claudin 5 (green, C). A cytospin analysis of a claudin 5 À population obtained from the same mouse showing DAPI (D) and after staining with antibodies against osterix (red, E) claudin 5 (green, F). only a circulating progenitor, but also a local progenitor, because the cells engraft several days before the appearance of cartilage or bone. Therefore, these fibroblast-like cells deposited from the circulation between the muscle fibers would appear to be local cells.
There are several limitations in the current studies. First, the results suggest that osteoprogenitors outside the nerve express claudin 5; however, the osterix + cells in the endoneurium 24 hours after delivery of BMP-2 do not appear to express claudin 5. The reason for expression of claudin 5 by these osteoprogenitors is not clear. It has been shown that cells expressing claudin 5 have not only increased adherence, but also increased motility [9] consistent with the ability of these osteoprogenitors to circulate. Interestingly, endothelial progenitors have previously been shown to leave the vessel wall and circulate [2] suggesting that the osterix + claudin 5 + p75 + cells may function similarly to these endothelial progenitors.
The second limitation of this study is that, although consistent with the presence of a neural stem cell that resides in adult peripheral nerves, it does not prove this point. We speculate that in the adult nerve, as has been shown for other tissues, regeneration of tissue does not solely depend on a pluripotent stem cell, but rather on progenitor cells stored, often in discrete depots, at various stages of differentiation. Also it is possible that BMP-2 induction of bone formation in the adult is, at least in part, a recapitulation of embryonic bone formation. The formation of craniofacial bone and cartilage in the embryo begins with neural crest stem cell migration from the neural tube [20] . One of the key factors that indicates the start of osteogenesis in these cells is the expression of dlx5 and osterix, similar to the early osteogenic factors on the osterix + claudin 5 + p75 + progenitors. The synthesis of osteoblasts from neural crest stem cells uses a combination of Wnt and BMP signaling. Although Wnt 1 is the major inducer of neural crest [10] , when it is unopposed, Wnt 1 signaling leads to the production of sensory nerves from neural stem cells [17] . However, when opposed by BMP-2, Wnt 1 signaling in neural crest stem cells leads to other cell types including osteoprogenitors [15] . Thus, the biogenesis of osteoprogenitors in the adult may ultimately originate from neural stem cells housed in the endoneurium. It is conceivable that these cells may have been deposited within the endoneurium during neural crest migration and formation of sensory nerves. Perhaps neural crest stem cells are deposited in all neural crest tissues, because several reports suggest a Wnt1
+ neural crest stem cell in the head [16] . Alternatively, these cells may simply persist in the endoneurium because it is an immune privileged location, because it is behind the BNB. Such a mechanism would also allow tissue regeneration using a recapitulation of an embryonic process although early embryonic antigens may not be recognized as self by the adult immune system.
Our results suggest that osteoprogenitors are osterixexpressing cells residing in the endoneurium and are not Schwann cells; further phenotypic characterization of the osteoprogenitors shows expression of Tie-2, a marker of endothelial cells. The presence of endothelial markers on osteoprogenitors has also recently been described by others [5] . Additionally, we noted that in some cases, Tie-2 had a surprisingly asymmetric localization on cells, which may indicate a migrating rather than matrix-bound cell, as described by Saharinen et al. [32] . Additionally, these cells express musashi and p75 that are phenotypic markers of neural crest stem cells [23] . In addition to these neural crest markers, the cells also express PDGFRa, a factor involved in glial-endothelial cell interactions and critical for maintenance of the BBB, suggesting that endothelial-neural cell interaction may play a key role in transition of these progenitors from a neural to mesodermal fate.
The results described in this article also answer the question of the mechanism by which osteoprogenitors exit the nerve and migrate to the site of bone formation. They show the presence of osterix + cells in the endoneurium of peripheral nerves immediately after HO induction through delivery of AdBMP-2-transduced cells; however, these cells then disappear at the same time as the appearance of osterix + claudin 5 + cells in the circulation. Within 4 days after induction of HO, they disappear from the bloodstream with a simultaneous increase in expression of factors involved in cell extravasation and the appearance of the osterix + claudin 5 + cells in muscle at the site of HO. The data suggest that these osteoprogenitors exit the nerve through the BNB, enter the circulation, and home to the site of HO. However, how these cells cross the BNB and whether the barrier is compromised during their transit is unknown and is a shortcoming of these studies.
New vessels appear to be formed to carry these osteoprogenitors. We previously showed the rapid expansion of new vessels after delivery of the AdBMP-2-transduced cells [7] and in the current study, an extensive vascular plexus can be seen surrounding the claudin 5 + osterix + cells. Furthermore, at the same time, extravasation factors (CXCR4, CD44, and E-selectin) were significantly elevated in these tissues consistent with the appearance, through the circulation, of the cells at this site. It has been previously shown that CD44 is a key mediator of the transendothelial migration of many cell types and mediates the binding of CD44 to hyaluronic acid on the endothelial cell [6] . Therefore, CD44, which is expressed on the surface of the osteoprogenitor, likely binds to the E-selectin on the surface of the endothelial cells. This is the first step of extravasation. Additionally, the cells appear to express CXCR4, which is also significantly elevated in the tissues at this time; CXCR4 has been shown to bind SDF 1 on endothelial cells, as the second step in extravasation, which allows for tighter binding and eventually migration through pores between the endothelial cells [25] . SDF 1 RNA within the tissues did not change significantly during HO; however, it was present in the tissues (data not shown). Additionally, the new vessels that are rapidly forming at this site are tiny, with significant branches, suggesting lower flow, necessary for depositing cells. Finally, new vessels or venules must undergo remodeling to organize the structure and support greater blood flow without leaking [43] . Thus, it is highly likely at this stage for cells to traverse the vessel wall more easily than in mature vessels. We therefore propose that the exact location of extravasation of the osteoprogenitors is determined by induction of HIF1 in tBAT [27] because of the ability of UCP1 to rapidly generate a hypoxic microenvironment [27] . This process induces vascular endothelial growth factor [7] , which then induces new vessel formation. These new vessels are actually the small venules that are required for extravasation [43] . The current study also underscores the importance of barriers or interfaces between blood and nerves in HO and perhaps begins to explain some of the surprising clinical data in HO. Two molecules that show a dramatic increase on BMP-2 induction of HO, claudin 5 and PDGFRa, are either a key component or regulator, respectively, of these barriers. Recently it has become very obvious that there is a relationship between traumatic brain injury and HO [1, 40] . One possible reason that HO is associated with traumatic brain injury, which causes a breakdown in the BBB [36, 40] , could be that changes in this barrier lead to the exit of these neural progenitors that can engraft and become osteoblasts, particularly at sites where BMP-2 may be present such as those that have also sustained an injury to bone, thus releasing BMP-2.
Furthermore, if this is a recapitulation of neural crest formation of the bones and cartilage of the head, then presumably this is not endochondral bone formation but rather two independent processes. Thus, it may not be surprising that these osteogenic cells appear in a location distinct from the cartilage and arrive before its formation. In conclusion, these studies are the first to demonstrate the presence of a progenitor within peripheral nerves that responds to BMP-2 by undergoing both osteogenic differentiation and homing to the location of bone formation through vessels. The conclusions are clinically relevant because the mechanism is very different than that predicted from the current thinking about the formation of bone. Future studies on this mechanism are already underway and include the use of tracking mice based on an inducible early neural promoter (Wnt 1) driving Cre recombinase, enabling expression of a permanent fluorescent marker in each cell derived from the neural stem cell. Preliminary data from these experiments confirm the results reported here and show dramatically fluorescent peripheral nerves at early times after BMP-2 induction as well as the accumulation of equally dramatic fluorescent osteoblasts on the bone surface at later times after induction.
b Fig. 7A-B (A) CD44, CXCR4 , and E-selectin are expressed on BMP-2 induction. C57/BL6 mice were injected with BMP-2-producing cells (n = 8 per group) and at the times indicated mice were euthanized, RNA extracted from muscle around the site of injection, and the relative amounts of RNA encoding E-selectin at the times indicated are shown in A, CXCR4 is shown in B, and CD44 is shown in C. The actual data for each sample are adjacent to each panel including the mean, SD, mean difference with 95% CIs. The p values for significant differences are shown in the graph and the error bars in the graphs are the SD. The thresholds for statistically significant differences were set at p \ 0.05. (B) Claudin 5 + cells express CD44 and CXCR4, whereas claudin 5 À cells express E-selectin. C57BL/6 mice (n = 4 per group) were injected with BMP-2-producing cells and mice were euthanized 4 days later. Claudin 5 + and claudin 5 À cells were isolated by preparative FACS, subjected to cytospin, and the resulting slides analyzed for staining for CD44, E-selectin, and CXCR4.
